The dispersibility of single-walled carbon nanotubes (SWCNTs) in ketone solvents, acetone and methyl ethyl ketone (MEK), was studied. SWCNTs were successfully dispersed in ketone solvents by sonication and the concentrations of the SWCNT dispersions were increased with the sonication time. The size distribution and UV-Vis absorption measurements showed that the SWCNTs in MEK were uniformly and almost individually dispersed. The zeta potentials of the SWCNTs dispersed in ketone solvents negatively increased with the sonication time. Furthermore, the G/D ratios of the dispersed SWCNTs in MEK were decreased as the sonication time increased. The negative zeta potentials and the decrease in G/D ratios are considered owing to introduction of carboxylic acids induced by sonication in ketone solvents. Although the electrical conductivity of the SWCNTs dispersed in MEK was slightly decreased due to the defects, ketone solvents are practicable dispersing solvents for SWCNTs with relatively low boiling points and high accessibility.
INTRODUCTION
In recent years, carbon nanotubes (CNTs) have been intensively studied because of their excellent electrical, thermal, physical, and chemical properties [1, 2] . However, CNTs generally form bundles due to strong van der Waals forces, which results in low solubility and processability [3] . Therefore, a number of methods have been developed to disperse CNTs in water and organic solvents, including chemical modification through sidewall functionalization [4, 5] and physical modification using dispersants such as surfactants [6] [7] [8] , aromatic molecules [9] , and polymers [10, 11] . While the use of dispersants can disperse CNTs without introduction of defects, absolute removal of dispersants from CNTs is quite difficult. Consequently, residual dispersants lower the electrical properties of CNTs because most dispersants are electrically insulating organic molecules [12] .
Several organic solvents can disperse CNTs in the absence of dispersants. For example, o-dichlorobenzene [13, 14] and polar aprotic solvents, such as N-methylpyrrolidinone [15] , N,Ndimethylformamide [16] , and N,N-dimethylacetamide [17] , are known to disperse CNTs without any additives. However, such solvents are quite limited and most of them have high boiling points (over 100 ), relatively high viscosity, and toxicity. Hence, it is demanded to disperse CNTs in common and widely used organic solvents such as alcohols, ketones, and ethers.
In this study, we have found that ketone solvents, acetone and methyl ethyl ketone (MEK), can disperse single-walled CNTs (SWCNTs) without any additives. SWCNT dispersions were prepared by sonication of SWCNTs in ketone solvents. The dependence of the sonication time on the SWCNT concentration was examined. Furthermore, the effects of sonication in ketone solvents on SWCNTs were evaluated with respect to the defect generation and the electrical properties.
EXPERIMENTAL

Materials
SWCNT (CoMoCAT CG100) was purchased from SouthWest Nano Technologies and dried at 200 for 12 h before use. Acetone and MEK were purchased from Kanto Chemical Co., Inc., and dried over molecular sieves (4 Å), followed by distillation. Sodium dodecyl sulfate (SDS) and sodium cholate (SC) were purchased from Wako Pure Chemical Industries Ltd. and used as received.
Dispersion of SWCNT
SWCNT (0.5 mg) and 5 mL of ketone solvent (acetone or MEK) were charged into a 50 mL glass vial, and the mixture was sonicated at 15 . The resulting mixture was centrifuged at 10,000 g for 15 min to separate out the undispersed SWCNT bundles. The supernatant solution was diluted with the ketone solvent, and the UV-Vis spectrum of the diluted solution was measured. The SWCNT dispersions in SDS and SC aqueous solutions (1 wt% each) were prepared in the same manner.
Preparation of calibration curve
SWCNTs (below 2.5 mg) and 10 mL of 1 wt% SDS aqueous solutions were charged into 50 mL glass vials, and the mixtures were sonicated at 15 for 2 h. The resulting SWCNT dispersions were used for UV-Vis measurements without centrifugation to ensure that all the loading SWCNTs were dispersed.
2.4
SWCNT dispersions in MEK were sprayed onto glass plates (20 mm x 20 mm) using an airbrush pistol (HP-TH, Anest Iwata Corp.). During the spraying process, the glass plates were maintained at 80 to prevent the formation of local agglomerates. The resulting films were used for UV-vis and surface resistance measurements without any treatments. As control samples, SDS aqueous solution onto glass plates (20 mm x 20 mm) heated at 100 remove SDS surfactant and then dried at 100 for 1 h.
Measurements
Sonication and centrifugation were performed using a bathtype sonicator Branson 5510 (180 W, 42 kHz) and a Kubota Model 3520 centrifuge, respectively. UV-Vis absorption spectra (optical path length: 1 cm) were measured on a Shimadzu UV-3600 spectrometer. Zeta potentials and particle size distributions were measured at 25 using an ELSZ-1000ZS system (Otsuka Electronics). Raman measurements were carried out using a
RESULTS AND DISCUSSION
Dispersibility in ketone solvents
We studied the dispersibility of SWCNTs in ketone solvents. SWCNT dispersions were prepared by sonication of SWCNTs in acetone and MEK ( Figure 1 ). To remove the undispersed SWCNT bundles, the sonicated dispersions were centrifuged and the resulting supernatants were used for the evaluation. Figure 2 shows the photographs of the SWCNTs in MEK before and after sonication. As can be observed, SWCNT was homogeneously dispersed in MEK by sonication. To calculate the concentrations of the SWCNT dispersions, the calibration curve was estimated based on the absorbance values at 660 nm (A 660 ) of SWCNT/ SDS dispersions. Figure 3 shows the plot of the absorbance values against the SWCNT concentrations of the SWCNT/SDS dispersions. The slope of the plot is estimated to be 0.0326 and therefore the SWCNT concentration (C CNT ) is expressed as C CNT = A 660 /0.0326 (mg/L) according to the Lambert-Beer's law. Figure  4 shows the relationship between the sonication time and the SWCNT concentrations, which are calculated from the calibration equation. While the dispersed concentrations of SWCNTs in acetone and MEK were low at short sonication time (below 10 mg/ L with 30 min sonication), the concentrations proportionally increased with the sonication time. As shown in Figure 4 , MEK has obviously better CNT dispersibility than acetone. Although the maximum concentration of ca. 40 mg/L in MEK with 6 h sonication is lower than that in o-dichlorobenzene (> 90 mg/L), MEK possess superior dispersibility of SWCNTs to a wide variety of common organic solvents including polar aprotic solvents [14] . This result indicates that ketone solvents especially for MEK is suitable for CNT dispersion.
The particle size distributions of SWCNT dispersions were evaluated by dynamic light scattering measurements. Figure 5 shows the particle size distributions of the SWCNT dispersions in MEK and SC aqueous solution. The particle size of the dispersion in MEK was comparable to that in SC aqueous solution, which is known to disperse SWCNTs individually [8] . The particle size data clearly indicate that the SWCNTs can be uniformly and almost individually dispersed in MEK. Furthermore, the UV-Vis absorption spectrum of the dispersion in MEK shows absorption peaks attributed to interband excitonic transitions in SWCNTs (Figure 6 ), supporting the existence of individually dispersed SWCNTs [6] . It should be noted that the SWCNT dispersion in MEK formed no visible agglomerates even after 24 h (96.2% of SWCNTs remained dispersed), indicating good dispersion stability.
Effect of sonication
The surface change of the dispersed SWCNTs was evaluated by zeta-potential measurements to elucidate the dispersed state in ketone solvents ( Table 1 ). The zeta potentials of the dispersed SWCNTs in ketone solvents negatively increased with the sonication time and reached -70 mV with 6 h sonication in MEK. This result suggests that negatively charged functional groups are generated on the surfaces of SWCNTs by the long sonication. Furthermore, it is clear that the dispersibility of SWCNT in ketone solvents highly depends on the magnitude of the negative charge on SWCNT surface as shown in Figure 4 and Table 1 . To clarify the change generated on the SWCNTs after the sonication in ketone solvents, Raman measurements were carried out to evaluate the amount of defects in SWCNTs. Figures 7 shows the Raman spectra of the sonicated SWCNTs in MEK. The D band assigned to the defects (amorphous carbons) and the G band corresponding Figure 8 . The G/D ratio decreased in proportion to the sonication time, supporting that the defects were generated by sonication in MEK. It is known that cavitation bubbles are formed by ultrasonic waves in a liquid and cavitation bubble collapsing produces intense local temperature and high pressure [18] . Since low surface tension or low viscosity of the liquid decrease the cavitation threshold limit [19] , the cavities are more readily formed in ketone solvents due to low viscosity (acetone: 0.31 cP, MEK: 0.41 cP at 25 [20] ) and low surface tension (acetone: 23.0 dyn/ cm, MEK: 24.0 dyn/cm at 25 [21] ). It is reported that alkyl radicals are formed by pyrolysis of ketone molecules in cavitation bubbles [22] . Therefore, alkyl radicals are generated by sonication in ketone solvents. The alkyl radicals can attack SWCNT surfaces directly or react with a trace of water in ketone solvents, which results in the formation of hydroxyl radicals. It is known that hydroxyl radicals can induce the formation of carboxylic acids onto CNT surfaces [23] . According to the zeta potential data in this study, the surfaces of dispersed SWCNTs in ketone solvents were negatively charged. Therefore, carboxylic acids induced by the hydroxyl radicals would be introduced on SWCNT surfaces by the sonication in ketone solvents. These radical reactions also amorphize the graphitic structures of SWCNTs. However, fragmented (shortened) CNT pieces were not observed in Figure  5 . Although the defects were introduced during sonication, the amount of defects is considered to be very small according to the data of G/D ratio and size distribution.
Electrical properties of SWCNTs
CNTs are promising candidates for transparent conductors owing to their high electrical conductivity and large aspect ratio, and their thin films are expected to replace the indium tin oxide (ITO) films, which are the most commonly used transparent conducting films [24] . We prepared transparent conducting films by spraying the SWCNT dispersions onto glass substrates. The surface resistances and the transmittances at 550 nm of the films are summarized in Table 2 . The surface resistances of the films prepared from the SWCNT dispersions in MEK increased with the sonication time. Moreover, the SWCNT dispersions in MEK aqueous solution. This result clearly indicates that the introduction of the defects by sonication in MEK slightly degrade the electrical conductivity of SWCNTs. Therefore, it is not a good choice to utilize CNT dispersions in ketone solvents for applications required high electrical performances. However, the use of ketone solvents for CNT dispersion has advantages in removal of solvents as well as accessibility compared to the CNT-dispersing solvents with high boiling points and high toxicity such as polar aprotic solvents and o-dichlorobenzene. Hence, the CNT dispersions in ketone solvents would be suitable for antistatic coatings and nano-fillers for polymer reinforcement because these applications are not required excellent electrical performances.
CONCLUSION
SWCNTs were successfully dispersed in ketone solvents (acetone and MEK) and the concentrations of the SWCNT dispersions were increased with the sonication time up to ca. 40 mg/L (6 h sonication in MEK). The size distribution and UV-Vis absorption measurements revealed that the SWCNTs in MEK were uniformly and almost individually dispersed. The zeta potentials of the SWCNTs dispersed in ketone solvents negatively increased with the sonication time. Furthermore, the G/D ratios of the dispersed SWCNTs in MEK were decreased depending on the sonication time. The negative zeta potentials and the lower G/D ratios suggested the radical reactions on the SWCNT surfaces by the sonication in MEK. Although the electrical conductivity of the SWCNTs dispersed in MEK was slightly decreased due to the defects, ketone solvents are practicable dispersing solvents for CNTs with relatively low boiling points and high accessibility.
